Time-domain CD equalization using finite impulse response (FIR) filter is now a common approach for coherent optical fiber communication systems. The complex weights of FIR taps are calculated from a truncated impulse response of the CD transfer function, and the modulus of the complex weights is constant. In our work, we take the limited bandwidth of a single channel signal into account and propose weighted FIRs to improve the performance of CD equalization. The key in weighted FIR filters is the selection and optimization of weighted functions. In order to present the performance of different types of weighted FIR filters, a square-root raised cosine FIR (SRRC-FIR) and a Gaussian FIR (GS-FIR) are investigated. The optimization of square-root raised cosine FIR and Gaussian FIR are made in term of the bit rate error (BER) of QPSK and 16QAM coherent detection signal. The results demonstrate that the optimized parameters of the weighted filters are independent of the modulation format, symbol rate and the length of transmission fiber. With the optimized weighted FIRs, the BER of CD equalization signal is decreased significantly. Although this paper has investigated two types of weighted FIR filters, i.e. SRRC-FIR filter and GS-FIR filter, the principle of weighted FIR can also be extended to other symmetric functions super Gaussian function, hyperbolic secant function and etc.
INTRODUCTION
Chromatic dispersion (CD) was once considered one of the severe impairments limiting optical fiber communication systems [1] . Fortunately, with the advancement of digital signal processing (DSP) technology, coherent optical receivers exploiting digital filters can effectively equalize CD of an optical fiber communication system [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Since the fiber CD transfer function is ( ) , which is not possible to be designed in reality. In order to solve this problem, S. Tsukamoto presented a transversal filter and S. J. Savory presented a finite impulse response (FIR) filter to equalize the CD in time domain for long-haul optical fiber communication systems [12] [13] . A. Eghbali proposed a new kind of FIR filter in the least squares sense [14] . In this paper, Eghbali's filter is referred to as LS-FIR filter. In Tsukamoto's method, the complex tap weights k c of a transversal filter is obtained from the inverted Fourier transform of a truncated ( ) eq H ω , and the truncated window is determined by the bandwidth of a single channel signal [12] . In Savory's method, the complex tap weights k c of a FIR filter are obtained from the truncated impulse response of ( ) [13] . To avoid frequency aliasing, an upper bound on the number of the taps is determined by the accumulated dispersion and sampling interval as
H ω or truncated ( ) eq h t can be viewed as the rectangular window operation in frequency domain or time domain. In Eghbali's paper, the tap weights are given by
, where the calculation of Q and D have been discussed comprehensively in [14] . In our work, we take the limited bandwidth of a single channel signal into account and propose a weighted FIR filter to avoid frequency aliasing and further improve the performance of CD equalization. The remainder of the paper is organized as the following: we described the principle of a weighted FIR filter and investigated a square-root raised cosine FIR (SRRC-FIR) filter in section 2. In section 3, another type of weighted FIR filters, Gaussian FIR (GS-FIR) filter is presented. The critical parameters of two type weighted FIR filters are optimized with VPI simulation. The performance of coherent optical fiber communication systems with weighted filters are also demonstrated. Finally, the conclusions are drawn.
SRRC-FIR FILTER FOR CD EQUALIZATION IN OPTICAL COHERENT COMMUNICATION SYSTEMS
For a weighted FIR, the tap weights are given by ( )
where ( ) f k is sampled from a weighted function ( ) f t . Since the impulse response of inverse chromatic transfer function, 
where α is the roll-off factor. T is the full width at half maximum (FWHM) of ( ) RC f t . To avoid frequency aliasing, time length of the truncation window of a FIR filter, window T is given by [13, 15] 
As in [13] ,the number of FIR filter taps is
. It is not hard to understand that T is related with the truncation window of a FIR filter.
To define the window coefficient RC X of a square-root raised cosine function, there is RC window 
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To substitute
( ) RC f k into (1), we can get the tap weights of square-root raised cosine weighted FIR filter (SRRC-FIR filter). Then, the output of the weighted FIR is
The tap weights of SRRC-FIR filter is determined by the roll-off factor α and the FWHM ( T ) of a square-root raised cosine function
( ) RC f t . In our work, the SRRC-FIR filter can be optimized by the roll-off factor α and T , i.e. RS X .
Bit error rate (BER) is normally a critical parameter to evaluate the performance of a coherent communication system.
Thus, the optimization of SRRC-FIR filter, i.e. α and RS X is carried based on the minimum BER of a CD equalization optical communication system. Figure 1 is the schematic setup of a coherent optical fiber communication system and Figure 2 is the schematic of a DSP architecture. We investigated the performance of SRRC-FIR filter for two types of system setups, System I and System II. Figure 4 compares the BER performance of the three filters for different modulated signals. As can be seen, the BER of SRRC-FIR filter is lower than that of FIR filter and LS-FIR filter, especially for high modulation formats. 
GS-FIR FILTER FOR CD EQUALIZATION IN OPTICAL COHERENT COMMUNICATION SYSTEMS
Since the weighted FIR filter is proposed to account for the filtering effect in a coherent optical communication system, it can be flexibly applied to other systems, and the optimization of weighted filter depends on the filters employed at the receiver and the transmitter in the system. In order to prove this, the performance of SRRC-FIR filter is further investigated in System II. The launched optical power of SSMF is 0.0 dBm. The chromatic dispersion of SSMF is 16.0 ps/nm/km. The fiber length of each span is 100 km. The inline EDFAs are used to compensate the fiber loss of each fiber span. At the coherent receiver, the sample rate of analog-to-digital convertors (ADCs) is twice the symbol rate. As in [13] , Bessel filters are employed at the receiver and the bandwidth is 15 GHz. The pulse shaping filter at the transmitter is a square-root raised cosine filter with its roll-off factor being 0.18. The optimization of weighted filter is based on the VPI simulation results. In the simulation, the fiber nonlinear effects and polarization mode dispersion are neglected since we mainly concentrate on the CD equalization in this work. Since System II employs Bessel filters at the receiver, optimization of SRRC-FIR filter is necessary. The optimization result is presented in Figure 5 . The total standard single mode fiber (SSMF) length is 600 km, 1000 km and 1600 km respectively. The symbol rate is 10 GBaud, 20 GBaud and 30 GBaud respectively. The noise figure of EDFAs is 0 dB. The The selection of weighted function for weighted FIR filters depends on the pulse shaping filters employed in the system. We have demonstrated that the SRRC-FIR filter improves the CD equalization performance in System I. Considering that System II uses Bessel filters in addition to a square-root raised cosine filter, it is reasonable to extend the weighted function for weighted FIR filters further to other functions, such as a Gaussian function. In this section, we introduce another type of weighted FIR filters which employs a Gaussian function (GS-FIR filter). Simulation results illustrate that this GS-FIR filter is also applicable to System II.
A Gaussian function
( ) GS f t is given by
where 0
T is the half-width at 1/e-intensity point. The FWHM of ( )
Similar to square-root raised cosine function, we can get
To define the window coefficient GS X of a Gaussian function, there is GS window
Similarly, the performance of a CD equalization optical fiber communication system with a GS-FIR filter can be optimized by the FWHM T, i.e. GS
X , of Gaussian function
( ) GS f t . Figure 6 shows the optimization results of GS-FIR filter. The BER is least with GS 0.7 X = even if symbol rate and fiber length vary. Note that in here the BER decreases with longer transmission length. The tap weights magnitudes of four filters, i.e. FIR filter, LS-FIR filter, FIR filter optimized SRRC-FIR filter and GS-FIR filter, and the frequency response of them are presented in Figure 7 . Figure 7 (a) compares the tap weight magnitudes of four filters for a 20 GBaud QPSK over 1000 km SSMF transmission system. Figure 7 (b) compares the frequency response of four filters. It can be seen from Figure 7 (b) that all the four filters can suppress the frequency aliasing for a single channel signal with limited bandwidth. The difference among four filters is obvious and will result in the difference of CD equalization. It shows that GS-FIR filter also suppresses the frequency aliasing for a single channel signal with limited bandwidth. The performance of four filters in System II over 1000 km fiber is presented in Figure 8 . It is obvious that the BER of the CD equalization system with GS-FIR filter, albeit higher than that with SRRC-FIR filter, is lowered compared with FIR filter and LS-FIR filter. This result illustrates that the GS-FIR filter is also applicable to optical fiber communication systems. To compare the performance of four filters over different fiber length, the performance of these filters for equalizing CD for System II over 200-2000 km fiber length is then demonstrated based on VPI simulation. 20 GBaud QPSK and 16QAM transmission systems are investigated. In order to simulate under the condition that is closer to reality, the noise figure of EDFAs is set to be 6 dB and laser linewidth is 100 kHz for QPSK signals and 10 kHz for 16QAM signals. BER of the CD equalization signals employing the four filters are illustrated in Figure 9 . The results demonstrate that the CD These results show that weighted FIR filter is an effective approach for improving the performance of CD equalization. The improvement can be sought by the optimization of a weighted function. Although we have investigated square-root raised cosine function and Gaussian function as weighted functions for FIR filter in this paper, the weighted functions can be extended to other symmetric functions, such as super Gaussian function, hyperbolic secant function and etc.
CONCLUSIONS
In this work, we propose weighted FIR filters for equalizing CD in time domain. As examples, a SRRC-FIR filter and a GS-FIR filter are investigated and optimized in term of the BER of a CD equalization coherent optical fiber communication system. The optimized parameters of a SRRC-FIR filter and a GS-FIR filter depend on the filters employed at the receiver and the transmitter in the system and are independent of modulation format, symbol rate and transmission distance. The simulation results demonstrate that both optimized SRRC-FIR filter and GS-FIR filter can improve the performance over previous reported FIR filter for CD equalization. The BER of coherent communication system with optimized SRRC-FIR filter for CD equalization can be much lowered. The weighted FIR filter we propose in this work can also be extended to other symmetric weighted functions.
